Background-Hematopoiesis originates from the dorsal aorta during embryogenesis. Although adult blood vessels harbor progenitor populations for endothelial and smooth muscle cells, it is not known if they contain hematopoietic progenitor or stem cells. Here, we hypothesized that the arterial wall is a source of hematopoietic progenitor and stem cells in postnatal life. Methods and Results-Single-cell aortic disaggregates were prepared from adult chow-fed C57BL/6 and apolipoprotein E-null (ApoE Ϫ/Ϫ ) mice. In short-and long-term methylcellulose-based culture, aortic cells generated a broad spectrum of multipotent and lineage-specific hematopoietic colony-forming units, with a preponderance of macrophage colony-forming units. This clonogenicity was higher in lesion-free ApoE Ϫ/Ϫ mice and localized primarily to stem cell antigen-1-positive cells in the adventitia. Expression of stem cell antigen-1 in the aorta colocalized with canonical hematopoietic stem cell markers, as well as CD45 and mature leukocyte antigens. Adoptive transfer of labeled aortic cells from green fluorescent protein transgenic donors to irradiated C57BL/6 recipients confirmed the content of rare hematopoietic stem cells (1 per 4 000 000 cells) capable of self-renewal and durable, low-level reconstitution of leukocytes. Moreover, the predominance of long-term macrophage precursors was evident by late recovery of green fluorescent protein-positive colonies from recipient bone marrow and spleen that were exclusively macrophage colony-forming units. Although trafficking from bone marrow was shown to replenish some of the hematopoietic potential of the aorta after irradiation, the majority of macrophage precursors appeared to arise locally, suggesting long-term residence in the vessel wall. Conclusions-The postnatal murine aorta contains rare multipotent hematopoietic progenitor/stem cells and is selectively enriched with stem cell antigen-1-positive monocyte/macrophage precursors. These populations may represent novel, local vascular sources of inflammatory cells. (Circulation. 2012;125:592-603.)
tramedullary hematopoietic tissues. 7 Presumably, this enduring anatomic connection with the vasculature facilitates their circulation and trafficking to other tissues. 8 -10 Traditional paradigms of the postnatal vasculature as a terminally differentiated tissue system have been reconsidered following important findings that the adult vessel wall contains reservoirs of diverse stem and progenitor cell populations. 11 Evidence now exists for the presence of vascular-resident ancestral cells, distributed throughout the different mural layers of blood vessels, that include intimal endothelial progenitor cells, 12 medial side population cells, 13 adventitial stem cell antigen-1-positive 14, 15 (Sca-1 ϩ ) and CD34 ϩ cells, 16 and multipotent pericytes. 17, 18 Collectively, these cells have been shown to be responsible for progeny of endothelial, smooth muscle, and mesenchymal lineage that may participate in vessel wall remodeling and postnatal vasculogenesis. In contrast to these progenitor cells, there is a lack of data specifically addressing whether bona fide HPCs and HSCs may also coexist within the adult vasculature. 19 The present study investigated the presence of multipotent HPCs and HSCs within the macrovasculature of adult C57BL/6 mice and proatherogenic apolipoprotein E-null (ApoE Ϫ/Ϫ ) mice. Murine aortic disaggregates were found to possess short-and long-term clonogenicity for a broad array of hematopoietic subtypes and achieved durable but low-frequency reconstitution of leukocytes after adoptive transfer into lethally irradiated recipients. This hematopoietic capacity is heavily predilected toward monocytes/macrophages and is largely contained within a subpopulation of adventitial Sca-1 ϩ cells. Although trafficking from BM to the adventitia may account for some of its hematopoietic potential, the majority of macrophage precursors appear to be constitutive or long-term residents in the vessel wall, suggesting that the adventitial microenvironment imparts lineage specificity. These findings provide new evidence suggesting a local origin for HPCs in the adult vasculature.
Methods
Detailed methods are provided in the online-only Data Supplement. Single-cell aortic disaggregates were prepared from 12-to 24-week-old C57BL/6 and chow-fed ApoE Ϫ/Ϫ mice. Short-and long-term methylcellulose culture was used to assess the hematopoietic clonal capacity of aortic cells in vitro, with comparisons made with cells from BM, peripheral blood, and skeletal muscle. Aortic cells were phenotypically profiled by flow cytometry for expression of canonical HSC and mature leukocyte antigens, whereas intact vessels were immunostained and imaged under confocal microscopy. Adoptive transfer of aortic cell suspensions was performed from green fluorescent protein (GFP) transgenic or ROSA26 mice into irradiated C57BL/6 recipients to determine their potential for multilineage hematopoietic reconstitution. The tissue origin of vascular HPCs/HSCs was investigated by tracking engraftment of GFP BM cells in the aortic wall of lethally irradiated C57BL/6 and ApoE Ϫ/Ϫ mice and their contribution to myelopoietic colony-forming units (CFUs). All animal experiments complied with the standards stated in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academy of Sciences, Bethesda, MD) and were approved by the Mayo Clinic Institutional Animal Care and Use Committee.
Statistical Analysis
Data were checked for normality of distribution by D'Agostino-Pearson omnibus test. Intergroup statistical comparisons were performed with parametric or nonparametric 2-sample t tests or ANOVA (with posttest comparisons) as appropriate. For comparisons between different tissue types harvested from the same mice, linear mixed-effects models were used. Time-course data were analyzed by 1-way or 2-way ANOVA with repeated measures when applicable. Results are expressed as meanϮSEM of multiple experiments, with significance established at PϽ0.05.
Results

Aortic Cells Generate Diverse Hematopoietic Colonies, Especially Macrophage CFUs
Complementary in vitro and in vivo strategies were used to determine whether multipotent HPCs and HSCs exist within macrovessels with murine aorta used as the main source of vascular tissue. Aortic explants were cleaned by separation of all perivascular adipose tissue and thorough flushing to remove peripheral blood cells. After chemical digestion, filtration, and repeated washes, aortic cell pellets were white with negligible hemoglobin content ( Figure I in the online-only Data Supplement). Initial screening for the hematopoietic potential of aortic disaggregates was undertaken with in vitro CFU assays. In short-term methylcellulose culture, aortic cells from C57BL/6 mice generated all types of myelopoietic CFUs, as well as burst-forming units-erythroid ( Figure 1A and 1B). Rare mixed granulocyte-macrophage colonies and multipotent granulocyte, erythrocyte, monocyte, and megakaryocyte colonies (CFU-GEMM) were generated from Ϸ40% of experiments and appeared during the first week of culture. In contrast, lineagespecific granulocytic colonies and macrophage (CFU-M) colonies typically arose between days 10 and 14. CFU-M showed a highly consistent predominance among the different colony types ( Figure 1B ) and consisted of cells of uniform shape and size but variable cell numbers, ranging from 30 to 100 cells to large colonies that contained Ͼ500 cells. These were cultured with similar frequency from different segments of aorta ( Figure  IIA in the online-only Data Supplement). Macrophage colonies, but not other CFU types, were also generated from disaggregates obtained from carotid and femoral arteries, although there was a trend for reduced yield compared to aorta (Figure IIB in the online-only Data Supplement). Notably, recovery of CFU-M from renal artery disaggregates was extremely rare.
The overall clonogenicity of cells from aorta was lower than that of BM but 3-fold higher than for blood (total CFU yield: aorta, 14.5Ϯ2.0 per 10 5 cells; BM, 172Ϯ26 per 10 5 cells; blood, 4.8Ϯ1.6 per 10 5 cells; PϽ0.0001), with markedly different CFU profiles. The strong predilection for CFU-M was unique to aorta, with much higher frequency than from blood ( Figure 1C ), whereas granulocyte-macrophage colonies and CFU-GEMM were 1000-fold and 70-fold more frequent from BM than aortic cultures, respectively ( Figure 1D ). In light of previous isolation of HSCs from skeletal muscle, 8, 20 it was noteworthy that the CFU yield was almost 5 times more from aortic cells than donor-matched, freshly isolated skeletal muscle cells (12.6Ϯ2.6 versus 2.8Ϯ1.4 per 10 5 cells; PϽ0.01; nϭ4).
To begin to consider how this vascular hematopoietic potential might be relevant to inflammatory cell accumulation in proatherogenic vessels, CFU assays were also performed from chow-fed ApoE Ϫ/Ϫ mice (total cholesterol, 15.4Ϯ0.7 versus 1.9Ϯ0.2 mmol/L for C57BL/6; PϽ0.0001; nϭ7 per strain). These were assessed as being lesion free at the time of aortic harvest to ensure that CFUs were not the progeny of inflamma-tory cell precursors in established atheroma. Aortic disaggregates from ApoE Ϫ/Ϫ mice formed almost twice as many CFU-M as age-matched C57BL/6 counterparts, without significant difference for other colony types ( Figure 1E and 1F).
Short-term CFU results were corroborated with long-term culture-initiating cell assays performed on a BM stromal cell layer. The overall yield of long-term CFUs from C57BL/6 aortas was 1 in 59 200Ϯ7600 cells (nϭ3), with a preponderance of CFU-M (1 in 73 800Ϯ18 300). This compares to an expected CFU yield of 1 in 30 000 from C57BL/6 BM cells (reference manual for Stem Cell Technologies, Inc, Vancouver, Canada). Furthermore, there was a trend for higher frequency of long-term CFUs from ApoE Ϫ/Ϫ aortas (1 in 40 400Ϯ6800; nϭ3; Pϭ0.09 vs C57BL/6 aortas), primarily as a result of greater recovery of CFU-M (1 in 45 300Ϯ6700; Pϭ0.06).
Together, these results demonstrate the presence of shortand long-term hematopoietic progenitors throughout the aortic length, with a uniquely predisposed potency for CFU-M. Although CFU-M precursors exist in other arterial territories, their frequency is not distributed uniformly throughout the macrovasculature. Moreover, they are upregulated in ApoE Ϫ/Ϫ mice even in the absence of Western diet and before the apparent onset of intimal lesions.
Aortic Cells Express HSC Markers
Detailed immunophenotypic characterization has enabled the delineation of a hierarchy of ancestral hematopoietic cells in BM. 21, 22 Extensive profiling was therefore undertaken on aortic cells with multicolor flow cytometry, focusing on mature lineage antigens and well-described progenitor cell markers (the Table) . Aortic isolates contained populations of mature myelomonocytic cells (Gr1 ϩ , CD11b ϩ , Ly6G ϩ , Ly6C ϩ ) and lymphocytes (CD5 ϩ , CD45R ϩ ), consistent with previous data showing the presence of leukocytes in normal aortas. 23 Sca-1, which has been shown to identify smooth muscle progenitors in vascular adventitia, 14 was commonly expressed in the aorta (Figure 2A ) and at higher fluorescence intensity than in cells from blood or BM ( Figure IIIA Figure 2B ). Expression of CD143 (angiotensinconverting enzyme), which has more recently been associated with hematopoietic primitiveness, 24 was also identified (4.2Ϯ1.1% of all C57BL/6 aortic cells, nϭ8). C57BL/6 and ApoE Ϫ/Ϫ aortas exhibited similar frequencies for these markers, with the striking exception of Sca-1, which was upregulated in the proatherogenic mice ( Figure 2A and Table I in the onlineonly Data Supplement).
Aortic Sca-1 ؉ Cells Express Monocytic Markers
Focusing on aortic Sca-1 ϩ cells, there was evidence for considerable immunophenotypic heterogeneity. In addition to shared expression with c-kit and CD34, a proportion of Sca-1 was coexpressed with the pan-leukocyte antigen CD45 ( Figure 2C ). Among the different leukocyte markers associated with Sca-1 ϩ CD45 ϩ cells, the most frequent was Ly-6C, which previously has been shown to define circulating, proinflammatory monocytes 25 (Figure 2D ). Sca-1 ϩ Ly-6C ϩ cells were more prevalent in aorta than BM (the Table) . Furthermore, as a unique feature of the aorta, Ly-6C was expressed predominantly within the Sca-1 ϩ population, especially in ApoE Ϫ/Ϫ mice, unlike its expression in BM and blood, where it was restricted mostly to Sca-1 Ϫ cells ( Figure 2E and 2F). Because of the preponderance of CFU-M from aortic isolates, the macrophage colonystimulating factor/c-fms signaling pathway was also analyzed. The c-fms receptor (CD115) was rarely expressed on aortic cells from C57BL/6 mice (Յ0.5%, nϭ4) but was more common in chow-fed ApoE Ϫ/Ϫ mice (2.8Ϯ1.1%; range, 1.8%-4.5%; nϭ4; PϽ0.05). As with Ly-6C, CD115 was found mostly on Sca-1 ϩ cells in the aorta, differing from BM and blood, where Ͼ90% of its expression occurred on Sca-1 Ϫ cells ( Figure 2G ).
Collectively, these data illustrate that cells within the murine aorta express well-defined hematopoietic markers but have other phenotypic characteristics that are distinctive from BM and blood. In the context of the rich CFU-M potential of the vessel wall, Sca-1 is of particular interest owing to its upregulation in ApoE Ϫ/Ϫ mice and its coexpression with Ly-6C and CD115.
Sca-1 Is Localized in the Adventitia and Enriches for CFU Capacity
The distribution of Sca-1 within the vascular wall was studied by confocal microscopy. In keeping with previous re-ports, 14, 15 Sca-1 ϩ cells were most prevalent within the adventitia, in close proximity to the external elastic lamina ( Figure  3A ). Dual staining showed the existence of adventitial Sca-1 ϩ c-kit ϩ ( Figure 3B ) and Sca-1 ϩ CD45 ϩ cells ( Figure 3C ) in both mouse strains and Sca-1 ϩ CD115 ϩ cells in ApoE Ϫ/Ϫ mice ( Figure 3D ). Sca-1 was also expressed by cells lining the vasa vasorum and, to a lesser extent, the intima but not the media.
Aortas were stripped under microscopic guidance to investigate whether their CFU capacity was differentially contained within the adventitia (external layer) or media and intima (internal layer). Although immunostaining confirmed successful separation of the majority of adventitia, there remained sparse Sca-1 ϩ adventitial cells adjacent to the external elastic lamina of internal vessel specimens. In both C57BL/6 and ApoE Ϫ/Ϫ mice, the CFU-M yield was 5-fold higher from external aortic cultures ( Figure 3E ). Although low frequencies of CFU-M were grown from internal layer cultures, multipotent colonies arose exclusively from the external aortic wall. Given the prevalence of Sca-1 within the CFU-rich adventitia, Sca-1 ϩ cells were tested for their clonal potential after magnetic isolation. Colony formation, including CFU-M, was greatly enriched from the Sca-1 ϩ fraction of aortic disaggregates, with a 50-fold difference in total yield compared with Sca-1 Ϫ cultures ( Figure 3F ). Therefore, the hematopoietic potential of aortic cells is encompassed predominantly within the adventitial Sca-1 ϩ population, although the innermost adventitia may be quite specific in its content of CFU-M precursors.
Aortic Cells Generate Hematopoietic Chimerism In Vivo
To establish whether aortic cells are capable of contributing to hematopoiesis in vivo, adoptive transfer experiments were performed with aortic disaggregates from ROSA26 and GFP transgenic mice into irradiated C57BL/6 recipients. Stable chi- 
CD150 ϩ 3.1Ϯ0.6 (0.9-6.5) 2.1Ϯ0.6 (0.9-6.3) To determine the frequency of repopulating cells, quantitative competitive repopulation unit assays were conducted by transplanting limiting dilutions of aortic cells from GFP donors together with 2ϫ10 5 C57BL/6 BM cells into lethally irradiated (1100 cGy) C57BL/6 recipients. Distinct popula-tions of GFP ϩ cells were detectable in blood and contributed to low levels of chimerism (Ͻ1% to 4%) 4 weeks after transfer. Chimeric frequency decreased over time, before plateauing somewhat in the final month of follow-up ( Figure  4A and Table II in the online-only Data Supplement). Overall, the frequency of repopulating units was estimated at 1 per 4 000 000Ϯ1 300 000 aortic cells (L-calc software, Stem Cell Technologies, Inc). At 16 weeks, all surviving recipients of the highest cell dose (10ϫ10 6 ) maintained Ͼ0.1% chimerism in blood for each lineage subpopulation (Gr1 ϩ , CD11b ϩ , CD5 ϩ , CD19 ϩ ; Figure 4B ). Donor-derived cells also commonly expressed Ly-6C, often in combination with Sca-1 ( Figure VA in the online-only Data Supplement). Most GFP ϩ cells backscattered to lymphocytic or monocytic morphology, whereas the proportion of granulocytes diminished over time ( Figure 4C ). Higher reconstitution was noted across all blood lineages in 2 mice that received 2.5ϫ10 6 aortic cells, with one of these recipients displaying chimerism Ն1.0% over the study duration ( Figure 4C and 4D) .
The long-term presence of GFP ϩ cells was detected in BM, lymph nodes, spleen, and liver, along with the adventitia of aorta and carotid and femoral arteries ( Figure VB and VC in the online-only Data Supplement). In spleen, they expressed high levels of Sca-1 and markers of lymphocytic and monocytic lineage ( Figure 4E and Figure VD in the online-only Data Supplement). Although donor cells were strongly positive for Sca-1 and CD34 in BM, they did not display the KLS ϩ phenotype (Figure 4F and Figure VE in the onlineonly Data Supplement). In this context, an important finding was that GFP ϩ CFUs could be cultured from recipient splenic and BM cells up to 6 months after transplantation, but they were exclusively CFU-M ( Figure 4G ). This confirmed that engrafted GFP ϩ cells were viable and that their fluorescent detection was not simply a byproduct of phagocytic ingestion.
Together, these results indicate that infusion of aortic cells conferred a modest degree of early, multilineage hematopoietic reconstitution, with subsequent diminution to detectable but low levels of chimerism in the long term after primary and secondary transplantation. Although sustained clonogenicity of donor cells was observed, this was selectively restricted to macrophage colonies. 
Aortic CFUs Have Mixed Origins in Irradiated Mice
To identify the source of vascular clonal capacity, BM cells (5ϫ10 6 ) from GFP donors were transplanted into lethally irradiated C57BL/6 and chow-fed ApoE Ϫ/Ϫ mice and tracked over time, focusing on their contribution to hematopoietic cells in the aorta. In nonirradiated mice, GFP ϩ cells were virtually absent 2 weeks after transfer (Ͻ0.05% in aorta, BM, and blood, nϭ3). In irradiated recipients, GFP ϩ cells reconstituted BM and blood within 2 weeks ( Figure 5A ). Engraftment of donor cells occurred more gradually throughout the adventitia of blood vessels and to a greater extent in ApoE Ϫ/Ϫ mice than in C57BL/6 mice ( Figure 5B-5I) . Although GFP ϩ cells reconstituted each of the Lineage (LIN) ϩ , Sca-1 ϩ , c-kit ϩ , CD34 ϩ , and KLS ϩ subpopulations in BM ( Figure 5D ), chimerism in aorta was strongest for LIN ϩ and Sca-1 ϩ cells ( Figure 5E and 5F ). By 6 months, GFP ϩ cells isolated from recipient aorta displayed phenotypic characteristics that overlapped between cells in peripheral blood and endogenous GFP Ϫ cells in aorta ( Figure VI in the online-only Data Supplement).
Whole-body irradiation severely reduced the CFU yield of aortic cells, which recovered only partially over the following 6 months ( Figure 6A ). The rare colonies that could be generated 2 days after irradiation were exclusively CFU-M of host cell origin ( Figure 6B and 6C) , indicating that donor CFU precursors were essentially absent from the aortic wall soon after transfer. In keeping with the progressive engraftment of GFP ϩ cells in the aorta after BM reconstitution ( Figure 5 ), the proportion of GFP ϩ CFUs cultured from aortic cells also increased steadily and peaked at 43% of total yield 90 days after transplantation in C57BL/6 mice ( Figure 6A ). Although GFP ϩ colonies comprised all subtypes, they were predominantly not CFU-M, which was in direct contrast to GFP Ϫ CFUs (Figure 6C-6L) . As a result, aortas displayed a mixed colony profile at 90 days, with the majority of CFU-M derived from host cells and the remaining colony types originating mostly from donor BM cells ( Figure  6B-6D ). Over longer follow-up, the CFU-M yield increased from both GFP Ϫ and GFP ϩ sources, restoring the overall preponderance of macrophage colonies by 6 months (Figure 6B and 6C).
These findings demonstrate the radiation-sensitive nature of vascular hematopoietic cells. Incomplete repair of aortic CFU potential was mediated by both recovery of endogenous macrophage precursors and progressive recruitment of BM-derived progenitors. The adventitial environment may influence the lineage commitment of trafficking myelopoietic cells by conferring specificity for monocyte/macrophage progeny over time. Furthermore, we have also found that hematopoietic CFUs can be cultured from murine aortas at weaning age (3 weeks old) with a higher frequency than from older mice, indicating that they are present in the vascular wall from at least early postnatal life ( Figure VII in the online-only Data Supplement).
Discussion
Adult blood vessels are dynamic in nature and act as reservoirs of diverse progenitor populations for smooth muscle, endothelial, and mesenchymal cells. 11 Given the intimate relationship between the vascular and hematopoietic systems during early embryonic life, 3, 4 we hypothesized that the postnatal vasculature may also harbor progenitor cells of hematopoietic progeny that are known to play pivotal roles in regulating vascular health and disease. Our results demonstrate that the mature murine aorta contains hematopoietic progenitors capable of self-renewal and multilineage differentiation that are localized primarily in the adventitia under the broad immunophenotypic fingerprint of Sca-1. Although long-term hematopoietic reconstitution is restricted to a rare subpopulation of aortic cells (1 per 4 000 000 cells), the vascular wall is selectively enriched with CFU-M precursors, which are also distributed heterogeneously in other arterial territories and are upregulated in ApoE Ϫ/Ϫ mice. Constitutive or long-standing residence, rather than recent circulatory trafficking, accounts for the majority of these cells in the aorta that may ultimately represent a local source of vascular monocytes and macrophages.
Although the frequency of CFU-GEMM and granulocytemacrophage colonies derived from aortic disaggregates was much lower than that of BM, the aorta displayed a CFU-M-rich potential that was especially distinct from peripheral blood. This was one of several findings to verify that its hematopoietic profile as defined in this study was not due to its residual contamination with intravascular blood cells. By extension of our in vitro results, it was not surprising that in the presence of competing BM HSCs, in vivo transplantation of aortic cells resulted in low-level multilineage reconstitution of blood. Both primary and secondary transplantation experiments provided evidence of long-term clonogenic recovery and self-renewal from donor aortic cells. Although the existence of multipotent HSCs, as assessed by competitive repopulation unit frequency, was found to be a rare event, sustained hematopoietic repopulation was impressively skewed toward monocytes and lymphocytes. Higher rates of hematopoietic reconstitution have previously been reported for fresh Sca-1 ϩ CD45 ϩ and cultured skeletal muscle cells 8, 20 and CD45 ϩ side population hepatic cells 9 in younger donor mice than in the present study. As distinct from the congenic CD45.1/CD45.2 model of transplantation used in those studies, GFP transgenic (and ROSA26) donor mice were used here to track chimerism longitudinally in C57BL/6 blood and to determine the origin of CFUs recovered from recipient BM and spleen. This approach may have underquantified chimerism as a result of both incomplete penetrance of GFP expression in donor aortic cells, which occasionally was observed to be as low as 80%, and attenuation of GFP signal over time. The restorative hematopoietic properties of aortic disaggregates may also have been compromised by the lengthy process of enzymatic digestion, which was not required for BM cell preparation and was more intense than that used in other studies. 8, 9 Our adoptive transfer results share similarities with the levels of engraftment achieved in a prior study, in which segments of thoracic aorta were surgically transplanted under the renal capsule of irradiated mice. 19 However, in that report, long-term chimeric detection was limited to CD3 ϩ lymphocytes, and hematopoietic capacity was indirectly attributed to the proliferation of cells within the vascular intima. In contrast, our strategy of injecting aortic cells systemically was designed to facilitate their circulation to irradiated tissues such as BM and spleen. Our in vitro findings narrow the majority of aortic CFU precursors to the adventitia and, more specifically, to its rich population of Sca-1 ϩ cells. Previously, the adventitia has been described as a vasculogenic zone because of its high content of Sca-1 ϩ and CD34 ϩ vascular progenitor cells. 11,14 -16,18 Vascular Sca-1 ϩ cells have already been shown to generate smooth muscle and endothelial progeny but were reported not to coexpress leukocyte markers (eg, CD45, LIN) or to form hematopoietic colonies in methylcellulose. [13] [14] [15] By performing extensive flow cytometry analysis, we have revealed considerable immunophenotypic heterogeneity of Sca-1 ϩ cells in the aortic wall that has not previously been acknowledged. Although Sca-1 is frequently present on cells that express c-kit or CD34, the majority of Sca-1 ϩ cells are negative for these progenitor markers. Indeed, we have found that Ϸ40% of Sca-1 colocalizes with CD45 in combination with different myeloid-or lymphoid-specific antigens. As mentioned above, it is the Sca-1 ϩ CD45 ϩ phenotype that enriches for hematopoietic capacity in murine liver and skeletal muscle, notably in the absence of c-kit. 8, 9 c-Kit has recently been shown to identify nonhematopoietic progenitors (c-kit ϩ VEGFR2 ϩ CD45 Ϫ ) in the arterial wall, 26 and this might explain the fact that despite a higher content of KLS ϩ cells than BM, the murine aorta contains a much lower frequency of bona fide HSCs.
Beyond its content of diverse hematopoietic and nonhematopoietic progenitors, a key finding from this study is that the aorta especially harbors lineage-directed monocyte and macrophage precursors. Monocytes play essential regulatory roles throughout the vascular system, contributing dendritic cells and macrophages/foam cells to atherosclerotic plaque and participating centrally in the early stages of angiogenesis, especially through paracrine actions. 2, 27 These cells exhibit phenotypic heterogeneity, characterized in mice by proinflammatory Ly-6C Hi (CCR2 ϩ / CX 3 CR1 Lo ) and antiinflammatory Ly-6C Lo (CCR2 Ϫ / CX 3 CR1 Hi ) subsets that may have both adaptive and maladaptive implications for vascular disease. 25 Existing paradigms of monocyte/macrophage biology in cardiovascular disease have emphasized the recruitment of circulating cells from their origins in BM or spleen. 1, 28 However, evidence also points to the accumulation of local resident macrophages, particularly in the setting of angiogenesis, during tissue ischemia or tumor growth. 16, 29, 30 To date, the precise origins of these cells have been difficult to define. 27, 31 Although we cannot exclude that some small CFU-M may have arisen from differentiated monocytes or macrophages already established in the arterial wall, the generation of large macrophage colonies (Ͼ500 cells) and recovery of aorta-derived CFU-M from spleen and BM after primary and secondary transplantation point to the existence of highly proliferative, self-renewing precursor cells. Moreover, our results indicate that CFU-M precursors are encompassed specifically within the vascular adventitial Sca-1 ϩ population. Further evidence indirectly linking Sca-1 to the enrichment of macrophage precursors in the aorta can be drawn from its frequent expression on Ly-6C ϩ cells and the finding that some adventitial Sca-1 ϩ cells also express CD115 (c-fms or csf-1r) in the ApoE Ϫ/Ϫ strain. The c-fms receptor is the target for macrophage colony-stimulating factor on HSCs and myeloid progenitors and is implicated in the regulation of monocyte biology in inflammatory and atherosclerotic disease. 32, 33 These novel immunophenotypic observations clearly distinguish the aorta from BM and blood and prompt a hierarchical view of vascular hematopoiesis that diverges from BM in which Sca-1 is lost by progenitor cells committed to the myelomonocytic lineage. 21 Despite their low frequency in peripheral blood, HSCs are known to traffic from BM to extramedullary sites, 10 and this has been accredited as their likeliest source in skeletal muscle and liver. 8, 9 Previously, it was suggested that adventitial Sca-1 ϩ smooth muscle progenitors are not BM derived but rather constitutively maintained from early prenatal life under the imprint of sonic hedgehog signaling. 14, 15 Recently, BM cell transfer was not observed to cause vascular wall engraftment in irradiated mice before introduction of arterial injury. 34 Focusing specifically on their contribution to vascular myelopoiesis, we found that donor-derived BM cells increasingly engrafted within the adventitia of blood vessels after BM reconstitution and contributed to its Sca-1 ϩ population. Although murine adventitia contains a paucity of vasa vasorum compared with larger mammalian species, the density of these microvessels is known to be augmented in proatherogenic mice. 35 This provides a greater interface with the peripheral circulation for bidirectional trafficking of cells between vessel wall and remote niches (eg, BM) and may account for the higher engraftment of GFP ϩ cells that we noted in the adventitia of ApoE Ϫ/Ϫ mice compared with the C57BL/6 strain.
Allowing for the fact that the irradiation model used here caused profound hematopoietic compromise of the aorta, there were nevertheless important revelations about the nature of cellular exchange between peripheral circulation and adventitia and the likely origins of vascular myelopoietic precursors. Over time, GFP ϩ donor cells exhibited antigenic profiles in the vessel wall that overlapped between blood (low expression of CD34, c-kit, CD150) and endogenous aorta (Sca-1 ϩ Ly-6C ϩ ). This suggests preferential trafficking of select cell populations to the adventitia or their phenotypic modification once engrafted there. As a reflection of this, the clonogenic properties of chimeric cells in aorta also changed from multipotent and granulocytic colonies at early time points toward CFU-M predominance by the 6-month follow-up. Although the setting of irradiation injury makes it difficult to draw definitive conclusions, it seems that multipotent HPCs/HSCs are most likely to arise in the aortic wall from the systemic circulation, consistent with previous findings for other postnatal tissues. 8 -10 Conversely, a substantial proportion of vascular CFU-M precursors appears to be either constitutively resident or the product of long-term exposure of BM-derived HPCs to the local adventitial milieu.
Pending further evaluation, the potential significance of an adventitial source of Sca-1 ϩ HPCs and premonocytes is considerable for both the maintenance of normal vascular health and the pathogenesis of diseases such as atherosclerosis and malignancy. The existence of these resident cells may contribute to the presence of robust leukocyte populations within the adventitia of normal and lesion-prone arteries, 23 as well as the accumulation of adventitial and perivascular inflammatory cells and the expansion of vasa vasorum during the development of atherosclerosis and aneurysms. 35, 36 Future studies are proposed to consider whether such precursor cells might provide direct progeny to intimal atheroma in both animal models and human disease, via an outside-in pathway of migration, which could have highly novel implications for therapy.
